Abstract: Infrared photodissociation spectra of buffer-gas-cooled [MgNO 3 
Introduction
Atmospheric aerosols have a significant impact on the Earth's climate because they increase the reflection of solar radiation. 1 Mineral dust and sea salts are among the most important aerosol sources, and magnesium is one of their most abundant components. These aerosols can be entrained in the air for weeks, have highly reactive surfaces, and thus react with pollutants such as nitrogen oxides to form nitrate salts. Consequently, magnesium nitrates are expected to play a crucial role in determining the properties of aged aerosols.
2,3
Knowledge of how salts are solvated in aqueous media is of fundamental importance and helps, in particular, to understand the spectroscopic and chemical properties of aerosol particles. The long-standing view of the air-aqueous interface of inorganic salt solutions, i.e., that these interfaces are devoid of ions, has recently been corrected (see for example ref 4 and references therein). Ions with large polarizability, such as larger halide anions, have been shown to have a propensity for surface solvation. 4 Nitrate ions have also been predicted to prefer interfacial rather than bulk solvation. 5 Interestingly, for nitric acid solutions, acid dissociation is thermodynamically disfavored at the water-air interface, so nitrate ions are bulk-solvated and molecular HNO 3 is present at the surface.
6-8 The situation is different for salts, also because of the enhanced formation of ion pairs, and nitrate ions are present and cause perturbation of the interfacial water at the air-aqueous interface of mono-9 and divalent 10 metal nitrate solutions. The formation of ion pairs at the interface critically depends on the salt concentration 11 as well as the size and charge of the metal ion. 12 In sufficiently dilute solutions (seven water molecules per nitrate at the interface), relatively free, dehydrated nitrate ions exist at the interface. 13 Typical binding motifs found in hydrated salts can be characterized at the molecular level by a combination of gasphase experiments and quantum chemical calculations on isolated clusters. Bare and partially hydrated (microhydrated) magnesium nitrate clusters serve as model systems for magnesium-nitrate-containing aerosols. Oomens et al. have studied the divalent metal nitrate anions M(NO 3 ) 3 -and M 2 (NO 3 ) 5 -, where M represents a group II metal dication, using infrared multiple photon dissociation (IRMPD) spectroscopy in the region of the nitrate stretches (900-1600 cm -1 ), 14, 15 showing that nitrate, in the absence of water, prefers to bind in a bidentate fashion to a six-fold-coordinated metal dication. Schröder and co-workers have studied [ 16 systematically studied microhydrated complexes with up to n ) 7 at the MP2/aug-cc-pVDZ level of theory. They predicted that the Mg dication prefers six-fold coordination; i.e., it is fully coordinated at n ) 4, with the nitrate occupying two binding sites (bidentate binding motif). The fifth water molecule then adds to the second hydration shell of the cation. Up to n ) 6, bidentate coordination of the nitrate is the lowest in energy, but the tendency for monodentate coordination increases with increasing hydration. Solvent-shared and solvent-separated ion pairs were found to be considerably higher in energy (>0.5 eV), suggesting that significantly more water molecules need to be added to separate the two ions.
In the present study, we focus on a size-dependent characterization of the first coordination shell of a microhydrated Mg dication in the presence of a counterion (nitrate). First, the experimental setup is described. This includes an optical multipass cell, which allows increasing the photon fluence such that IRMPD spectra can be measured. + up to room temperature are measured to test its structural stability. The structural assignment of the spectra is aided by density functional calculations. The combination of experimental and simulated IR spectra allows for an unambiguous identification of the lowest-energy structures of microhydrated magnesium nitrate complexes.
Experimental Details
The experiments are carried out using an ion trap-tandem mass spectrometer system. 25,26 Briefly, gas-phase ions are continuously produced in a commercial Z-spray source from a 5 × 10 -3 M aqueous solution of magnesium nitrate. A beam of positive ions passes through a 4 mm diameter skimmer and is then collimated in a radiofrequency (rf) decapole ion guide. Parent ions are massselected in a quadrupole mass filter, deflected by 90°in an electrostatic quadrupole deflector, and focused into a gas-filled rf ring electrode ion trap. To allow for continuous ion loading and ion thermalization, the trap is continuously filled with He gas at an ion trap temperature of 12 K. After loading the trap for 98 ms, all ions are extracted from the ion trap and focused both temporally and spatially into the center of the extraction region of an orthogonally mounted linear time-of-flight (TOF) mass spectrometer. Here, they interact with the IR laser pulse from a Laservision OPO/OPA IR laser. 27 The table-top laser produces 7 ns/15 mJ pulses at 10 Hz with a spectral bandwidth of 2-3 cm -1
. The laser wavelength was calibrated using a photoacoustic cell filled with ammonia.
To increase the fluence as well as the optical path length of the laser pulse through the ion cloud, a Herriott-type multipass cell [28] [29] [30] is installed inside the vacuum chamber encompassing the TOF extraction plates (see Figure 1 ). The multipass cell consists of two gold-coated spherical mirrors (f ) 50 mm), separated by ∼20 cm to accommodate 10 reflections. It is installed off-axis (with respect to the line connecting the centers of the vacuum windows) such that the reflected laser beam exits the vacuum chamber on the side opposite that from which it entered, in order to allow monitoring of the pulse energy after the interaction zone. The IR laser beam is focused close to the center of the multipass cell by an external gold-coated spherical mirror (f ) 500 mm).
Results

Experimental IRMPD spectra of [MgNO 3 (H 2 O) n ]
+ , with n ) 1-4, are shown in the bottom row of Figure 2 , and band positions are listed in Table 1 . The sum of the fragment ion yield is plotted as a function of the laser wavenumber. Under the present conditions, only loss of neutral water molecules is detected; i.e., the ionic Mg 2+ -NO 3 -bond stays intact. At higher pulse energies (∼7 mJ, measured directly after the OPA), all water-loss channels are observed, including the formation of bare MgNO 3 + (loss of all water molecules). At lower pulse energies (∼2.3 mJ), mainly loss of a single water molecule is detected for n > 1.
The IRMPD spectrum for n ) 1 shows three absorption features: an intense, narrower band at 3589 cm ; a less intense group of at least three peaks centered at 3637 cm stretching vibrational frequencies of the free water molecule, 31 respectively, reflecting a softening of these modes upon complexation as bonding electron density is withdrawn from the water molecule. 21 ,22 respectively, and we thus assign them accordingly, suggesting that water molecules bind to the Mg ion rather than to the nitrate. In the latter situation, the water molecule is expected to form symmetrical hydrogen bonds with the nitrate O-atoms, leading to considerably more red-shifted bands, as observed, for example, for SO 2 -· H 2 O complexes (<3520 cm -1 ).
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To test the reliability of the IRMPD spectrum, we measured the IRPD spectrum of the [MgNO 3 (H 2 O)He]
+ complex under single-photon absorption conditions (see spectrum labeled "He" in Figure 2 ), i.e., without the multipass cell and a nonfocused laser beam. The spectrum of the He complex shows only two bands, at 3653 and 3596 cm -1 . These are less red-shifted compared to the corresponding IRMPD bands, suggesting that the He-atom binds directly to the Mg dication and not to one + is also shown. Bands that are not assigned to an excitation of fundamental states are marked with an asterisk (see text). Simulated spectra, derived from harmonic frequencies and intensities (see Table 1 ), are shown for the B3LYP/6-311+G(d,p) global minimum energy structures (second row from bottom) and, when possible, also for other structural candidates (see Figure 4 for the corresponding geometric structures). Relative energies are given in kJ/mol. of the ligands. 21 The IRMPD band labeled with an asterisk in Figure 2 is not observed in the spectrum of the He complex, which was measured at considerably lower laser fluence. It thus may be due to a transition involving a vibrational combination state, which borrows intensity from the nearby fundamental transition (see Analysis and Discussion).
Three bands of similar widths are observed in the IRMPD spectra of the n ) 2 complex, at 3608, 3665, and 3685 cm -1 , respectively. The first and third bands show a nearly linear dependence on pulse energy, suggesting excitation of two types of fundamental (V ) 1 r V ) 0) transitions. These two features are reminiscent of those observed for n ) 1, and consequently they are assigned to the ν S (3608 cm -1 ) and ν A (3685 cm -1 ) stretching vibrations of the water molecules. The absence of any detectable splitting of each pair of modes, respectively, then suggests that the water molecules occupy similar binding sites around the Mg dication. The red-shift of these two bands with respect to the absorption of the free water molecules is 28% (ν S ) and 40% (ν A ) smaller than observed for n ) 1, indicating that addition of a second water molecule leads to a reduction of the average ion-water molecule interaction. The intensity of the intermediate band at 3665 cm -1 (labeled with an asterisk in Figure 2 ) is considerably more sensitive to the laser pulse energy: it exhibits a nonlinear, nearly quadratic behavior. By analogy to the n ) 1 spectrum, we tentatively assign it to a combination band.
The n ) 3 IRMPD spectrum looks quite similar to the n ) 2 spectrum, and the band intensities exhibit the same dependence on pulse energy as discussed above. We consequently assign the 3710 cm -1 band to the ν A modes and the 3614 cm -1 band to the ν S modes of the water molecules. The absence of any detectable splitting within each group of modes, as well as the continued reduction of the red-shift of these bands (compared to the absorptions of free water), supports the picture that also the third water molecule binds directly to the Mg ion, with all three water molecules occupying similar binding sites. The additional 3692 cm -1 band appears 27 cm -1 higher in energy compared to that for n ) 2, but it is at nearly the same relative position with regard to the ν A band (-18 cm -1 ). The IRMPD spectrum for n ) 4 shows two groups of bands, each composed of (at least) three vibrational transitions at 3620, 3630, and 3646 cm -1 and 3706, 3717, and 3724 cm -1 , respectively. In line with the aforementioned assignments, these two groups are attributed to the ν S and ν A modes of the water molecules, respectively. The splitting into three components shows that the four water molecules occupy at least three different binding sites. The absence of any additional features, particularly at lower energies, suggests that all four water molecules are bound directly to the Mg ion and do not form any intermolecular water-water hydrogen bonds. Compared to the position of the corresponding bands in the n < 4 spectra, the center of each of the two groups continues to shift toward higher energies, i.e., toward the absorptions of the free water molecule.
The stability of the n ) 4 complex is characterized by measuring IR spectra at elevated ion trap temperatures up to 294 K (see Figure 3) . With increasing temperature, the vibrational features are expected to broaden due to population of higher rotational levels and excitation of low-frequency vibrational modes. This is what is observed, emphasizing the advantage of measuring IR spectra of internally cold ions for their structural characterization. At 100 K, most of the characteristic features in the experimental spectrum have been washed out and continue to broaden up to room temperature but without any dramatic shift or unexpected change in contour of the absorption features.
The following picture regarding the microhydration of MgNO 3 + evolves from the above results. The first four water molecules add to the first coordination shell in MgNO 3 + , binding to the Mg cation and leaving the (Mg-NO 3 )
+ ionic bond intact. For n ) 2 and n ) 3, the water molecule binding sites are similar, whereas for n ) 4, the binding sites are significantly different, leading to a substantial splitting of the ν S and ν A modes. Assuming that nitrate binds in a bidentate fashion, 15, 16 occupying two binding sites, Mg 2+ is six-fold coordinated at n ) 4. Such a fully coordinated structure should be particularly stable, explaining its temperature stability and also the intensity pattern observed in the CID spectrum of [MgNO 3 (H 2 O) 5 ] + ions. 16 No evidence for water-water hydrogen bonds is found.
Computational Details
Density functional theory (DFT) calculations are used to identify the lowest-energy structures using the Gaussian 03 program suite. 34 The B3LYP exchange correlation functional in combination with the 6-311+G(d,p) basis set is employed. Tight convergence of the optimization and the self-consistent field procedures is imposed, and an ultrafine grid is used. Relative and dissociation energies include zero-point vibrational energies and are corrected for the basis set superposition error (BSSE). Harmonic and anharmonic vibrational frequencies are calculated with analytical second derivatives. Simulated linear absorption spectra are derived from B3LYP/ 6-311+G(d,p) harmonic vibrational frequencies and intensities. The harmonic frequencies are scaled by 0.956 in order to account for anharmonicities and for the method-dependent systematic errors on the calculated harmonic force constants. This scaling factor provides good agreement with the IRMPD spectra and lies in the middle of the range of scaling factors (0.950-0.963) used in comparable studies. 17, 18 The resulting stick spectra are convoluted using a Gaussian line shape function with a width of 6 cm -1 (fwhm) to account for the laser bandwidth, as well as broadening due to rotational excitation. Further computation with the Turbomole V6.0 program package [35] [36] [37] [38] at the B3LYP/def2-TZVP theory level yields results consistent with the Gaussian 03 calculations (see Table S1 in the Supporting Information).
Analysis and Discussion
Minimum Energy Structures. The B3LYP/6-311G+(d,p) minimum energy structures of [MgNO 3 (H 2 O) n ]
+ with n ) 1-4 are shown in Figure 4 , and selected properties are listed in Table  2 . We find structures similar to those reported previously using the MP2/aug-cc-pVDZ level of theory. 16 The nitrate ion binds in a bidentate fashion to the Mg ion, and the first four water molecules then fill the first coordination shell of the dication. The first water molecule binds opposite to and in the plane spawned by the nitrate ion, resulting in a C 2V structure, labeled 10-Bi in Figure 4 , with a Mg 2+ -water distance r Mg-OH 2 of 1.99 Å. [Note on the nomenclature: Using ij-Bi or ij-Mono, i denotes the number of water molecules in the first coordination shell, and j denotes the number of water molecules in the second coordination shell. The number of coordination sites the nitrate ion occupies is either one (Mono) or two (Bi).] Addition of a second water molecule yields the C 2 structure 20-Bi, in which the two water molecules are symmetry-equivalent (r Mg-OH 2 ) 2.02 Å), and both form a weak H-bond (3.28 Å) to one of the nitrate O-atoms. For n ) 3, a C s structure (30-Bi) is found to be lowest in energy. The in-plane water molecule (r Mg-OH 2 ) 2.06 Å) forms a H-bond with one of the O-atoms of the nitrate, while the other two (out-of-plane) water molecules (r Mg-OH 2 ) 2.05 Å) occupy symmetry-equivalent binding sites, and each forms an H-bond with another O-atom. The n ) 4 complex exhibits a quasi-octahedral structure (40-Bi), with the two symmetry-equivalent water molecules being slightly farther away (r Mg-OH 2 ) 2.14 Å) from the Mg 2+ ion than the two with O-atoms in the symmetry plane (2.08 and 2.09 Å). Summarizing, the Mg-water distance increases monotonically from 1.99 Å in n ) 1 to up to 2.14 Å in n ) 4, and only for n ) 4 do these distances differ substantially between binding sites.
Most other structural isomers are found significantly higher in energy (see Figure 4) . No minimum was found for a water molecule binding exclusively to the nitrate ion. Starting with n ) 2, isomers with one water in the second coordination shell are found. They lie 63.7 (11-Bi), 39.3 (21-Bi-I), 40.7 (21-Bi-II), 5.6 (31-Bi), and 41.7 kJ/mol (31-Mono) higher in energy. At least three water molecules are needed to stabilize the nitrate ion in a monodentate configuration. These isomers are found 37.6 (30-Mono) and 16.9 kJ/mol (40-Mono) above the respective global minimum energy structure.
Dissociation Energies and Absorption Mechanism. The calculated, BSSE-corrected dissociation energies for the loss of one water molecule for the n ) 1-4 complexes are 208.3, 152.2, 114.2, and 71.7 kJ/mol (see Table 2 ), respectively. Thus, for all complexes the absorption of more than a single IR photon is required to overcome the dissociation limit. Assuming internally cold complexes, the absorption of at least two (n ) 4), three (n ) 3), four (n ) 2), or five photons (n ) 1) is required at 3700 cm -1 . An efficient multiple-photon absorption mechanism involves fast internal vibrational energy redistribution (IVR). 39 Assuming an IVR lifetime (τ IVR ) of <1 ns, the criterion of stochasticity, 40 where p is Planck's constant divided by 2π, yields a lower limit for the density of states of 2 × 10 2 states/cm -1 . The vibrational density of states at 3700 cm -1 for the n ) 1 complex, estimated using the Beyer-Swinehart algorithm, 41 is 2 × 10 4 states/cm -1 , 2 orders of magnitude above this limit, suggesting that noncoherent absorption of multiple photons should be efficient at sufficiently high photon fluence. In this case, the IRMPD spectra can be qualitatively interpreted in terms of linear absorption spectra, because the resonant absorption of the first photon is the "rate"-determining process. Coherent multiphoton absorption processes, on the other hand, are improbable under the present experimental conditions (laser pulse intensity <1 GW/cm -2 ).
Harmonic Spectra. Simulated linear absorption spectra, derived from scaled harmonic vibrational frequencies of the structures shown in Figure 4 (see also Table S2 of the Supporting Information), are compared to the experimental IRMPD spectra in Figure 2 . Satisfactory agreement with the experimental data, in particular with the relative band positions of the fundamental transitions and the size-dependent trends, is observed, supporting our initial assignment of these bands. Moreover, the simulated spectra of the energetically higherlying isomers, namely those with a water molecule in the second coordination shell or with nitrate in monodentate coordination, do not agree with the experimental data, excluding them from the assignment. For n ) 4, for example, the 31-Bi isomer is calculated only 5.6 kJ/mol higher in energy than the 40-Bi isomer. A closer look at Figure 2 and Table S2 reveals, however, that only the latter reproduces the measured IR spectrum satisfactorily, in particular with respect to the position and relative intensity of the lowest-energy ν S mode (3591 cm -1 ). Even at higher temperatures (see Figure 3) , little dissociation signal is observed below 3600 cm -1 , suggesting that the 31-Bi isomer is not significantly populated up to 294 K.
The measured (calculated) ratios of intensities between the ν A and ν S modes, I(ν A )/I(ν S ), for n ) 1-4 are 0.8 (1.5) 1.0 (1.7), 1.2 (1.8), and 2.3 (2.1), respectively, significantly smaller than the calculated ratio of 18 for the free water molecule. 42 The enhancement of the ν S relative to the ν A mode upon complexation results from the electrostatic interaction between the ion and the water dipole moment. 32 It decreases monotonically with increasing cluster size as the average water-ion interaction strength decreases. Interestingly, the measured ratios are noticeably smaller than the calculated ones for n ) 1-3. Lower intensities upon excitation of the water ν A mode compared to excitation of the ν S mode observed in the IRMPD spectra vs those predicted for linear absorption spectra have been previously reported, for example for NH 4 + (H 2 O), 43 and rationalized by considering the different time scales for IVR, resulting from excitation of the molecules parallel (ν S ) and perpendicular (ν A ) to the hydrogen bond, through which IVR needs to proceed.
Finally, for n ) 1, the ν A band appears broader than the ν S band in both of the spectra shown in Figure 2 . This results from the different selection rules that apply to excitation of the water symmetric and antisymmetric stretching vibrations in n ) 1. Assuming a quasi-symmetric top, the symmetric stretching transitions are parallel transitions with ∆K ) 0, while the antisymmetric stretching transitions are perpendicular transitions with ∆K ) (1. Consequently, the three peaks observed in the IRMPD spectrum between 3615 and 3665 cm -1 may be tentatively attributed to the P, Q, and R branches of this perpendicular transition, suggesting that, for n ) 1, rotationally hotter ions are more efficiently photodissociated.
Anharmonic Calculations. To understand some remaining discrepancies between the harmonic and the experimental IR spectra, we performed anharmonic calculations. Inclusion of anharmonicity leads to a reduction of the harmonic vibration frequencies of the fundamental transitions by 5%, overshooting the experimental band positions by roughly 1%. Agreement with regard to the relative band positions is slightly improved compared to that found for the harmonic spectra. Interestingly, the first overtones of the ν A modes for n ) 2 and 3 (see Table  1 ) are in excellent agreement with twice the value of the bands labeled with asterisks in the experimental spectra, observed 20 (n ) 2) and 18 cm -1 (n ) 3) below the ν A band. This suggests that the ν A overtone states may be involved in the sequential multiple-photon absorption process. In more detail, the asterisklabeled bands could theoretically be due to a coherent twophoton absorption process, but this is highly unlikely at the low laser fluences used in the present experiment. Excitation of a "dark" combination state ν c , which borrows some intensity from the nearby, "bright" fundamental transition 0 f ν A , followed by absorption of a second photon, leading to excitation of the "bright" overtone states (2ν A ) before vibrational energy redistribution occurs, is more probable. The 0 f ν c f 2ν A absorption process would account for both the observation of the asterisklabeled bands in our spectra and the different dependence of their intensity on laser energy compared to the excitation of the "bright" fundamental states. Based on the calculated vibrational frequencies, ν c ) ν S + ν LIB is the only reasonable candidate, where ν LIB denotes one of the two lowest-frequency water librational modes (∼50 cm -1 ). A similar argument holds for the n ) 1 spectrum. In this case, the 2ν S overtone state is involved in the excitation process, leading to the appearance of the asterisk-labeled band; however, the nature of the combination state is less clear. For n ) 4, on the other hand, these bands are not observed, because those spectra were measured at a lower laser pulse energy than was used for the measurement of the n ) 1-3 spectra.
Rotational Band Profiles. Simulated rotational band profiles can be used to qualitatively understand the IRMPD spectra measured at elevated temperatures (see Figure 3) . Note that this is only a very crude simulation, as important effects like the thermal population of low-lying vibrationally excited states, as well as freely rotating water molecules, which may lead to additional features, are completely neglected. Nonetheless, our crude simulations do reproduce the changes upon heating of the clusters qualitatively, in particular for the ν S band, suggesting that an increase in internal energy of the n ) 4 complex does not induce isomerization; that is to say, the n ) 4 cluster is stable also at room temperature.
Summary and Conclusions
In this study, a Herriott-type multipass cell was used to measure gas-phase vibrational spectra of [ + in the range from 12 to 294 K reveal that the n ) 4 cluster is very stable, even at room temperature. The present results show that the first four water molecules only weakly perturb the ionic bond in this prototypical salt, and many more water molecules are needed to form a solvent-separated ion pair. However, the techniques described here can readily be extended to the study of the structure and stability of larger complexes (n > 4), and it will be interesting to see in what size and temperature regime the bulk-like behavior will be approached.
